ABSTRACT: Long-term operation of microbial fuel cells (MFCs) can result in substantial degradation of activated carbon (AC) air-cathode performance. To examine a possible role in fouling from organic matter in water, cathodes were exposed to high concentrations of humic acids (HA). Cathodes treated with 100 mg L −1 HA exhibited no significant change in performance. Exposure to 1000 mg L −1 HA decreased the maximum power density by 14% (from 1310 ± 30 mW m −2 to 1130 ± 30 mW m −2 ). Pore blocking was the main mechanism as the total surface area of the AC decreased by 12%. Minimization of external mass transfer resistances using a rotating disk electrode exhibited only a 5% reduction in current, indicating about half the impact of HA adsorption was associated with external mass transfer resistance and the remainder was due to internal resistances. Rinsing the cathodes with deionized water did not restore cathode performance. These results demonstrated that HA could contribute to cathode fouling, but the extent of power reduction was relatively small in comparison to large mass of humics adsorbed. Other factors, such as biopolymer attachment, or salt precipitation, are therefore likely more important contributors to long-term fouling of MFC cathodes.
■ INTRODUCTION
Microbial fuel cells (MFCs) can harvest energy during wastewater treatment by extracting electricity from organics using exoelectrogenic bacteria. 1−5 Electrons are released by the exoelectrogenic bacteria via oxidation of organics and transferred through an external circuit to the cathode, where oxygen reduction typically takes place. Air cathodes are used in MFCs to reduce energy for treatment by avoiding the need for aerating water. 6−8 Activated carbon (AC) is an effective oxygen reduction reaction (ORR) catalyst for air cathodes in MFCs due to its high catalytic activity and low cost ($1.4 kg −1 ).
9−11
However, operation of MFCs with AC cathodes has shown decreased power generation over time. 12, 13 A 40% drop in power was observed after one year of MFC operation using acetate in a phosphate buffer solution. 12 Cleaning the cathodes by physically removing the biofilm restored only 12% of the performance, compared to a complete recovery to the initial power performance by using a new cathode, indicating cathode fouling and not the anode was the main reason for decreased power. 12 The cathode biofilm has been indicated to be a major cause of cathode fouling due to hindered proton diffusion. 14, 15 However, AC cathode performance cannot be completely restored by removing the biofilm as described, 12 indicating internal fouling behavior of AC cathode.
The cost of the cathode materials is about half that of all of the MFC materials, 16 and therefore a long lifetime of the cathodes is critical for economical applications of MFCs. In order to maintain the cathode performance over time, it is essential to understand internal fouling mechanisms. AC is routinely used to adsorb organics in water and wastewater treatment systems due to its large internal surface area, which ranges from 800 to 1500 m 2 g −1 .
17 Previous studies have shown that AC is a strong adsorbent for organic matter in water such as humic acid (HA), a major component of natural organic matter (NOM) in aquatic systems. 18, 19 Typical domestic wastewaters in the U.S. contain ∼400 mg L −1 of organic matter based on chemical oxygen demand, or ∼120 mg-C L −1 of total organic carbon (TOC). 20, 21 Wastewater treatment using MFCs will therefore expose the AC to the organic matter in the wastewater, resulting in adsorption of some of that organic matter onto the carbon. Most oxygen reduction is thought to occur with the meso-and microsize pores of AC, and thus organic adsorption could potentially block these pores leading to a reduction in the ORR. 22, 23 Humic acid have also been used as mediators in various bioelectrochemical systems (BES). 24−26 Enhanced current generation was observed in the presence of humic acids (∼2 g L −1
) and bacteria, 25 indicating enhanced charge transfer by adding HA. Studies have also indicated improved MFC performance using cathodes doped with the mediator 9,10-anthraquinone-2-sulfonic acid (AQS), which is an analog to HA in terms of electron shuttling. 27 The cathodic oxygen reduction reaction is a three phase reaction that involves both a solid AC phase and a solution phase, 28 which provides potential sites for organic adsorption within the AC catalyst. The adsorbed organic molecules could potentially increase the diffusion resistance and thus impair cathode performance. It is therefore unclear whether the addition of HAs would improve MFC performance due to the mediator effect of adsorbed HAs, or whether such adsorption might block catalyst sites and hinder cathode performance over time.
To identify the effect of HA adsorption on AC cathode performance, two different concentrations of HA were loaded onto AC. High concentrations of HA solutions were used to shorten the adsorption process and exclude other fouling factors such as biofilm growth that typically occurs over longterm MFC operation. The catalytic performance of the AC in cathodes was then compared to controls lacking HAs in both electrochemical and MFC tests. Changes in carbon properties were also evaluated in terms of total surface area, pore volume, and cathode mass.
■ MATERIALS AND METHODS
Cathode Fabrication and Operation. Activated carbon cathodes with AC loading of 26.5 mg cm −2 were fabricated using a phase inversion method as previously described. 11 Briefly, AC powder (Norit SX plus, Norit Americas Inc.) was mixed with 10% poly(vinylidene fluoride) solution (Mw ∼ 534 000, Sigma-Aldrich) and carbon black (Vulcan XC-72, Cabot Corporation) at the mass ratio of 3:1:0.3. The mixture was then spread onto an 11.3 cm 2 circular section of stainless steel mesh (50 × 50, type 304, McMaster-Carr) with a spatula. The cathodes were immersed into a distilled water bath for 15 min to induce phase inversion at room temperature. Cathodes were then air-dried in a fume hood for over 6 h prior to tests.
Single-chamber, cubic MFCs used for all MFC tests were constructed from a Lexan block 4 cm in length, with an inside chamber diameter of 3 cm. 29 The anodes were graphite fiber brushes (2.5 cm in both diameter and length) that were heat treated at 450°C in air for 30 min, and placed horizontally in the middle of MFC chambers. 29 Anodes were fully preacclimated by MFC operation at a constant temperature (30°C) and fixed external resistance (1000 Ω). ; KCl, 0.31 g L −1 ; pH 6.9; κ = 6.94 mS cm vitamins. 30 Single cycle polarization tests using AC cathodes were conducted in the cubic, single-chamber MFCs by varying the external resistance from 1000 Ω to 20 Ω at 20 min intervals. 28 The voltage drop (U) across an external resistor was recorded by a computer based data acquisition system (2700, Keithley Instrument, OH). Current densities (i) and power densities (P) were normalized to the exposed projected cathode area (A = 7 cm 2 ), and calculated as i = U/RA and P = iU/A, where R is the external resistance.
Humic Acid Adsorption. HA solutions with 100 and 1000 mg L −1 were prepared by dissolving a commercial humic acid sodium salt (Sigma-Aldrich) in deionized (DI) water. The solutions were then filtered through 1.2 and 0.22 μm membrane filters (polyvinylidenedifluoride, PVDF, 47 mm diameter, Millipore) to remove any solids, and stored at 4°C prior to tests. The resulting 100 and 1000 mg L −1 HA solutions contained 33 ± 2 and 330 ± 20 mg-C L −1 of TOC. The as prepared 100 and 1000 mg L −1 HA solutions had substantially higher concentrations of HA than ∼2 mg L −1 of HA in typical wastewater effluent but were in a reasonable range compared to the TOC concentration in wastewater (∼120 mg-C L −1 ). 20, 21, 31 The high concentrations of HA were needed to rapidly accumulate HA onto the cathode, before other factors would also contribute to the cathode fouling (such as biofouling) and preclude study of just the impact of the HA alone. HA adsorption onto the carbon was examined by dispersing 1 g of AC powder into 100 mL containing 0, 100, and 1000 mg L −1 HA solutions in sealed flasks, with continuous stirring for 24 h at 30°C. The AC/HA slurries were then filtered through a 1.2 μm PVDF membrane and the filtered solutions were collected for analysis. The AC powders were further dried in a vacuum oven at 100°C for 24 h. HA was adsorbed onto the cathodes by filtering solutions containing 0, 100, and 1000 mg L −1 of humic acids directly through the AC cathodes to shorten the time of HA adsorption into AC cathodes. Prior to the filtration process, AC cathodes were sequentially wetted by ethanol and DI water each for 10 min. HA solutions (30 mL) were then pressure filtered through the cathodes and the filtrates were collected for analysis. The cathodes were dried in the fume hood for 12 h prior to testing. The control cathodes were also treated using this same ethanol and ethanol wetted process, but only DI water was filtered through these cathodes.
The extent of humic acid desorption from the AC was examined by filtering 30 mL of DI water through AC cathodes (∼5 min) following the previous procedures, and collecting the effluent for further analysis.
Electrochemical Characterization. A rotating disk electrode (RDE) was used to examine the catalytic activity of the AC in the absence of appreciable external mass transfer limitations. An AC catalyst ink was prepared by adding 30 mg of powdered AC into 3 mL of dimethylformamide with sonification (model 450, Branson) pulsed at 20% for 8 min in an ice bath. Nafion (5 wt %, 270 μL) was then added into the solution and mixed for another 8 min. A drop of 10 μL ink solution was coated onto a glassy carbon disk (Pine Instruments) 5 mm in diameter, and dried overnight as previously described. 22 All RDE tests were conducted in 50 mM PBS sparged with nitrogen and then air. Solutions were sparged with a gas for 30 min before conducting linear sweep voltammetry (LSV) tests and the gas was constantly streamed into the headspace during LSV runs. The potential of the disk electrode was scanned from 0.2 V to −1 V (vs Ag/AgCl) at 10 mV s −1 , at rotation rates of 100 to 2100 rpm. The current generated under nitrogen sparging was subtracted from that obtained under air sparging to evaluate current generation due only to oxygen reduction.
32
The electrochemical performance of AC cathodes were evaluated by LSV in an electrochemical cell (2 cm length, 3 cm diameter) containing two chambers separated by an anion exchange membrane (AEM; AMI-7001, Membrane International Inc.). The electrolyte was 50 mM PBS prepared as described above. The counter electrode was a 7 cm 2 round platinum plate. An Ag/AgCl reference electrode (RE-5B, BASi, West Lafayette, IN; + 0.209 V vs a standard hydrogen electrode) was placed close to cathode and kept in the same position for all tests. All potentials reported here were corrected to that of a standard hydrogen electrode (SHE) (VMP3 Multichannel Workstation, Biologic Science Instruments) was used for all measurements in a constant temperature room (30°C). The potentials on the cathodes were scanned from +0.509 V to −0.209 V versus SHE at a scan rate of 0.1 mV s −1 for 7 times to reach steady state. Impedance measurements of AC cathodes were conducted at 0.1 V vs SHE over a frequency range of 100 kHz to 2 mHz with a sinusoidal perturbation of 14.2 mV amplitude. The spectra were then fitted into an equavalent circuit (Supporting Information (SI), Figure S1 ) to identify the solution resistance (R s ), charge transfer resistance (R ct ) and diffusion resistance (R d ).
Physical and Chemical Analysis. The concentrations of HA solutions were determined by a total organic carbon (TOC) analyzer (TOC-V CSN, Shimadzu, Japan) with a carrier gas pressure of 200 kPa and gas flow rate of 130 mL/ min.
The incremetnal surface area and pore volume distribution of ACs were determined from nitrogen adsorption isotherms (at 77.3 K) by progressively increasing relative pressures of 5 × 10 −6 to 0.99 atm atm −1 (ASAP 2420, Micromeritics Instrument Corp., GA). All samples were degassed at 100°C for 16 h prior to measurements. The Brunauer-Emmet-Teller (BET) specific surface area was evaluated using adsorption data in a relative pressure range between 5 × 10 −6 to 0.2 atm atm
. Pore size distribution data was collected in the relative pressure range of 5 × 10 −6 to 0.99 atm atm −1 and calculated on the basis of the desorption branches using density functional theory (DFT) modeling software. Three pore sizes of micropores (<2 nm), mesopores (2−50 nm) and macropores (>50 nm) were reported here based on the International Union of Pure and Applied Chemistry (IUPAC) definitions. Table S1 ). In batch adsorption tests, the surface area and pore volume of ACs decreased inversely with the HA concentrations. The total BET surface area for AC in 0 mg L −1 HA was 520 m 2 g −1 and decreased to 460 m 2 g −1 for AC in 1000 mg L −1 HA, which is a 12% decrease and among which the micropore surface area has decreased most from 430 to 380 m 2 g −1 for AC in 1000 mg L Figure 1B ). Studies have indicated that the inner pore surface of AC is critical for catalyzing ORR 22, 34 and therefore, the extent of this decrease in surface area and pore volume could potentially block the reactive surface area, and lower ORR activity.
Cathode Performance in Electrochemical and MFC tests. Analysis of the cathodes using linear sweep voltammetry showed little change in performance between the cathode treated with the 100 mg/L HA solution compared to the control. However, the cathode treated with the 1000 mg/L HA solution showed appreciably reduced cathode performance. For ( Figure 2 ). These are potentials that are typically measured in these types of MFCs at their maximum power density. 28 The maximum current density of the AC cathode treated with 1000 mg L −1 HA solution only reached 8 A m −2 compared to 11 A m −2 for the control (0 mg L −1 HA) (Figure 2 ), which is a 27% decrease. However, no significant change in current density was observed for this AC cathode at the lower HA concentration over the potential window of 0.5 to 0 V vs SHE (Figure 2 ). This shows that some HA adsorption onto the AC does not impair cathode performance.
Reduced AC cathode performance was observed in MFC tests for the high HA concentration solutions. MFCs with AC cathodes treated by 1000 mg L −1 HA produced a maximum power density of 1130 ± 30 mW m ) ( Figure 3A ). These MFC results at both HA concentrations were consistent with the LSV results (Figure 2) , and indicated that only a very high amount of HA adsorbed onto the carbon would reduce the cathode performance. Impact of HA Adsorption on the Oxygen Reduction Reaction. The ORR activities of AC treated with and without HAs were characterized using rotating disk electrode technique, so that kinetic reaction rates could be obtained under minimal mass transfer limited conditions. The changes in ORR generally showed the same trend in results as the LSV and MFC tests, although the reaction rate was inhibited to a lesser extent after adsorption at 1000 mg L −1 HA (Figure 4 ). Mass transfer resistances were greatly minmized with oxygen gas sparging by using a rotation rate of 2100 rpm, (Figure 4 , SI Figure S2 ). AC treated with 1000 mg L −1 HA showed a 5% decrease in the kinetic limiting current of 0.19 mA, compared to control lacking HA exposure (0.20 mA) at a potential of −1 V vs Ag/ AgCl ( Figure 4B ). Current production was not appreciably changed for the catalyst exposed to the lower HA concentrations ( Figure 4B ). No redox peaks were observed with exposure to either HA concentration in the cyclic voltammetry scans (SI Figure S3) , showing that HA adsorption did not function as a mediator and only acted to block catalytic sites at high concentrations.
Cathode Impedance Analysis. The impact of HA adsorption on the total cathode resistance, and the individual components of the resistance, was examined using EIS. The main impact of treatment with 1000 mg/L of HA was an increase in the diffusion resistance, as solution resistance and charge transfer resistance remained essentially constant ( Figure  5B ). The overall cathode resistance increased to 74 Ω for AC cathode treated with 1000 mg L −1 HA, compared to 57 Ω for the control (no HA addition), primarily due to a 32% increase in the diffusion resistance (50 Ω compared to 32 Ω) ( Figure  5B ). This 18 Ω increase in diffusion resistance was a 56% increase compared to an overall diffusion resistance of 32 Ω, which likely resulted from hindered proton diffusion to the catalyst site. 12 AC cathodes treated with 100 mg L −1 HA only showed 2 Ω increase in diffusion resistance and overall cathode resistance ( Figure 5B) .
Cathode Rinsing. Cathodes were rinsed with deionized water to determine if organic matter on the AC could be easily removed. However, little organic matter was recovered following rinsing, indicating that only slow desorption of HA would occur. The maximum power density of the rinsed AC cathode was 1170 ± 40 mW m −2 , which was very similar to 1130 ± 40 mW m −2 of the nonrinsed AC cathode treated with 1000 mg L −1 HA solution ( Figure 6A ). The cathode potentials of the rinsed and nonrinsed cathodes were almost identical over the current density range of 0−8 A m −2 ( Figure 6B ), similarly showing no cathode performance change by rinsing with DI water. The HA concentration of rinsing effluent was measured to be 12 ± 1 mg-C L −1 (SI Table S2 ), which was much lower compared to the 190 ± 1 mg-C L −1 of 1000 mg L −1 HA concentration after adsorption in bach adosrption tests (SI Table S1 ), suggesting rinsing with DI water might not have washed out all the adsorbed HA substance. It is well-known that HAs strongly bind to AC and that special methods, such as thermal treatment, are required to regerate AC adsorption capacity. 35−37 Thus, the HA adsoroption observed here was likely irreversible with respect to its impact on cathod performance even if using solutions with much lower HA concentrations.
Outlook. Extensive cathode fouling following a year of MFC operation has previously been shown to reduce power by almost 40%, with about 12% of this attributed to biofilm growth on the cathode surface. 12 Thus, most of the reducion in power production is due to internal catalyst fouling. It was shown here that substantial adsorption of HAs on the AC reduced power, but only by as much as 14%. This suggests that other reasons for a reduction in power over long periods of time are more likely due to foulants such as microbially produced biopolymers or irreversibly precipitated salts. Better understanding of the mechanisms of AC catalyst fouling is critical and essential for developing methods to ensure stable and long-term operation of MFC cathodes. 
